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Producing biodiesel from triacylglycerol (TAG) generates glycerol as a
byproduct which could be recycled and used to grow the oleaginous yeast
Rhodotorula glutinis. R. glutinis has the ability to produce up to 70% of its weight
in the form of TAG. This study is designed to determine the effects of glycerol on
the TAG and fatty acids produced by R. glutinis.
After 24 hrs, R. glutinis cultured on medium containing dextrose, xylose,
glycerol, dextrose and xylose, xylose and glycerol, or dextrose and glycerol
accumulated 16, 12, 25, 10, 21, and 34% TAG on a dry weight basis, respectively.
The fatty acids derived from R. glutinis were mostly saturated, however, cells
cultivated on glycerol alone had the highest degree of unsaturated fatty acids
(53%). Growth on dextrose may be enhanced by the addition of glycerol, but it
cannot be determined if using glycerol as a secondary carbon substrate enhances
lipid production.
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CHAPTER I
INTRODUCTION

With the U.S. consuming over 63 billion gallons of diesel every year
and importing over 65% of its total crude oil supply (Department of Energy,
2006), it has become a matter of national security to find a domestic,
renewable source of energy so that the dependence on foreign oil is relieved.
Over the last decade, the search for alternative fuel sources has been a focus
of scientific and engineering fields. Biodiesel is one of the alternative fuels
currently being produced in the United States and elsewhere around the
World. Consisting of energy rich fatty acid alkyl esters (hereafter referred to
as FAMEs) that are long-chained hydrocarbons that make up lipids and oils,
the biofuel is so named because the fatty acids (also referred to as FA) are
sequestered from biological rather than mineral specimens. Two main
obstacles facing the widespread use of biodiesel is its limited supply and high
cost. Further investigation into cheaper, renewable sources of oils and fats for
the production of an alternative energy source is critical if the U.S. is to
overcome its reliance on foreign oil.
The National Biodiesel Board (2005) reports that in blends of biodiesel
and petroleum diesel where biodiesel is 20% (v/v), the energy content
(BTU/U.S. gal) is nearly equivalent to diesel with the added benefits of being
1

less toxic to the environment than diesel alone. B20 blends of biodiesel,
require no special handling or storage and can be used in diesel engines
without any engine modifications. The United States Department of Energy
and The United States Department of Agriculture co-sponsored a study
published in May 1998, Sheehan, Duffield, Shapouri, Gabroski, and
Camobreco concluded that compared to petroleum diesel, biodiesel offers
enhanced lubricity and cleaner burning, reducing particulate matter, CO2,
and sulphur emissions. In addition, it was determined that the energy balance
(units of fuel energy per unit fossil energy consumed) of biodiesel was
superior to all fuels evaluated and had, specifically, 235% greater net energy
yield than that of petroleum diesel (Table. 1). The benefits of using biodiesel
have made it a viable alternative to petroleum diesel.

Table 1. A Comparison of Net Energy Yields for Common Fuels.
Fuel

Energy Yield* Btus

Net Energy (loss) or gain
%

Gasoline

0.805

(19.5)

Diesel

0.843

(15.7)

Ethanol

1.34

34

Biodiesel

3.20

220

*liquid fuel Btus for each Btu of fossil fuel energy consumed.
Source: http://www.mda.state.mn.us/ethanol/balance.html
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The high cost of biodiesel is directly associated with costs of traditional
feedstock such as soybean, rapeseed, cottonseed, flaxseed, etc. Soybean oil is
the most common source of oil for the production of biodiesel in the U.S.
While biodiesel production costs are only $0.60/gal, the total cost of soybased biodiesel is $2.64/gal; over 75% of that can be attributed to feedstock
(Haas, McAloon, Yee, and Foglia, 2006). As soybean crops also serve the food
sector, it should be considered that competition for the crop oil could cause
the price to soar even higher. Yellow grease (waste vegetable oil), another
potential feedstock for biodiesel, is currently less expensive than soybean oil
(cost of yellow grease = 0.49 * cost of soybean oil) however, its supply could
limit production capacity to 100 million gallons of biodiesel per year (Radich,
2004). The National Biodiesel Board (2006) has reported that the 87
commercial biodiesel production plants in the U.S. could, at maximum
production, produce 582 million gallons of biodiesel per year. Still, the
volume and economic viability could be greatly improved were less
expensive and more abundant feedstocks is realized.
Biomass is a sustainable feedstock including sugars, starches, cellulose,
and hemicellulose, all of which are derived from plants, animals, bacteria, or
fungi. According to the Bioenergy Feedstock Information Network, there is
enough biomass produced annually on this planet to provide at least six
times the amount of energy consumed each year (n.d.). Using the energy from
the sun, plants convert CO2 and H2O into carbohydrates, or biomass.
Historically, biomass has been burned in order to release the energy
3

contained in the carbon and hydrogen bonds via combustion. However,
biomass can be converted into liquid fuels such as ethanol by anaerobic
microbial fermentation or converted into gas via gasification. The burning of
liquid fuels, compared to the burning of solid biomass is energetically more
efficient (Department of Energy, 2006). Limitations of converting biomass to
liquid fuels including high capital, operating, and biomass handling costs do
exist and pose obstacles to the overall feasibility (Department of Energy,
2006). Cellulose and hemicellulose, for example, which are used as feedstock
for the production of liquid fuel are made up of carbon polymers, chains of
sugars, which are not utilized by biological specimens without prior
depolymerization. Breaking down cellulose would result in dextrose, a
hexose (six-carbon sugar), while the depolymerization of hemicellulose,
would produce both hexoses and pentoses (five-carbon sugars). While
hexoses are readily fermented to ethanol by bacteria under anaerobic
conditions, pentoses are converted to lactic acid (Patel el al., 2006). Yeasts,
however, do have the ability to use the five-carbon sugars aerobically to
produce lipids (Nobre, Lucas, and Leão, 1999; and Evans and Ratledge, 1983)
Oleaginous yeasts are single-celled fungi defined as having at least
20% of their dry weight made up of lipids (Ratledge, 1989). Not only do these
yeasts contain membrane lipids, but they accumulate lipid in the form of
triacylglycerol (hereafter referred to as, TAG) ( Gill, Hall, and Ratledge, 1977).
In yeasts, TAG accumulation does not occur under nitrogen rich conditions
because in this case cell proliferation is occurring. When nitrogen or other
4

nutrients are limited and carbon is readily available, the yeast will use the
carbon to make TAG (Gill et al., 1977) instead of replication machinery and
individual cell biomass. Nutrient depletion does not increase the rate of lipid
production, but increases yield.
This energy reserve, TAG, is a lipid consisting of a glycerol backbone
with three fatty acids bound to the glycerol by three ester bonds as shown in
Figure

1.

Biodiesel

is

obtained

by

transesterifying

TAG.

The

transesterification process involves the reaction of TAG with a short chain
alcohol, such as methanol, in the presence of an acid or base catalyst. The
ester bonds are cleaved and the fatty acids are methylated (if using methanol)
leaving the glycerol backbone. The result is 90% (w/w) fatty acid methyl
esters (also referred to as FAMEs) and 10% glycerol.

2

HC

CH

CH2

O

O

O

O=C

C=O

C=O

Figure 1. Triacylglycerol.
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If biodiesel is to be the new generation of fuel, its increased production
will generate a surplus of glycerol, driving the value of the useful alcohol
down. Glycerol, also known as 1,2,3-propantriol and glycerine, is an odorless,
colorless, viscous, sweet tasting liquid used in pharmaceuticals, cosmetics,
and the food industry (Swedish Chemicals Agency, n.d.). As it is, glycerol,
which is naturally found in oils and fats of animals and vegetables, can be
synthesized from propylene (also known as propene which is a gas at room
temperature and is synthesized from petroleum hydrocarbons, fossil fuels) on
a commercial scale. However, glycerol is a viable carbon and energy source.
A far more lucrative fate for the surplus of this three-carbon alcohol is that it
be recycled, used as a carbon source for microbial cultures to produce more
lipids and therefore, more biodiesel.
Meesters, Huijberts, and Eggink (1996) reported that oleaginous yeasts
have the ability to grow and accumulate lipids when grown on glycerol, have
short generation times, and very minimal nutrient requirements. These
organisms could be a very lucrative source of fatty acids for the production of
biodiesel. Fatty acids can be unsaturated, saturated, or polyunsaturated. The
degree of saturation gives different characteristics to the fatty acids, and
likewise to the resultant biodiesel. Thus, determining the fatty acid profile for
yeast grown on glycerol will aid in estimating the properties of the biofuel
produced and will also aid in the planning of possible alternative processing
methods

to

produce

alternative

value-added

neutraceuticals.
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products

such

as

This study is designed to determine if oils produced by the oleaginous
yeast Rhodotorula glutinis can be used as feedstock for the production of
biodiesel grade FAMEs when grown on glycerol solely, dextrose and
glycerol, and/or xylose and glycerol as carbon source. In order to reach a
conclusion, three objectives have been defined: compare R. glutinis growth
when grown on the different carbon sources, compare the effects of
incubation times on lipid accumulation, and lastly, determine the effects of
substrate on FAME profiles.
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CHAPTER II
LITERATURE REVIEW

Oleaginous Yeasts
Oleaginous yeasts, single-celled fungi, are defined as having at least 20%
of their mass made up of lipids (Gill et al. 1977). Apiotrichum curvatum (Hassan,
Blanc, Granger, Pareilleux, and Goma, 1993), Aspergillus nidulans (Wynn and
Ratledge, 1997), Candida sp. (Gill et al., 1977), Cryptococcus curvatus (Meesters et
al., 1996), Cryptococcus terricolus (Boulton and Ratledge, 1984), Mortierella alpina
(Wynn, bin Abdul Hamid, Li, and Ratledge, 2001), Mucor circinelloides (Song,
Wynn, Li, Grantham, and Ratledge, 2001), and Rhodotorula glutinis (Granger,
Perlot, Goma, and Pareilleux, 1992) are examples of oleaginous yeasts whose
lipid accumulating abilities have been documented. Colin Ratledge (University
of Hull, U. K.) has been a prominent contributor of research on yeast metabolism.
According to Ratledge (1997), the biosynthesis of lipid in yeasts is not linked to
growth. Rather, the inability of the organism to synthesize other cell components
such as proteins, nucleic acids, replication machinery, etc. due to lack of nutrients
results in lipid accumulation. Ratledge concedes that growth may continue
without interruption, concomitantly with lipid accumulation. The rate of lipid
biosynthesis is not affected by the deprivation of a nutrient.
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Carbon Sources for Growth
Markovetz and Kallio (1964) demonstrated that alkanes and alkenes were
viable growth substrates for some species in the genera of Candida and
Cryptococcus as well as Rhodotorula spp. Banana juice, containing glucose, fructose
and sucrose was reported to support the growth and lipid accumulation of A.
curvatum (Vega, Glatz, and Hammond, 1988). The sugars xylose (a pentose),
glucose (a hexose), and sucrose and lactose (disaccharides) as well as whey and
ethanol were evaluated by Evans and Ratledge (1983) for growth and lipid
production of the oleaginous yeast C. curvatus. Complex carbohydrates such as
α,α-trehalose, sucrose, and raffinose (Janda and von Hedenström, 1974) have
been successfully utilized by R. glutinis for growth.

The Effects of Culture Conditions Including Carbon:Nitrogen Ratio, Culture
Maturity, and Growth Rate on Lipid Production
Although iron, zinc, phosphorus, nitrogen, and concomitant limitations of
nitrogen and phosphorus or magnesium have resulted in lipid accumulation
(Gill et al. 1977; Granger, Perlot, Goma, and Pareilleux, 1993b; Ykema, Verbree,
Kater, and Smit, 1988), nitrogen limitation has been used more extensively to
create an environment conducive to lipid hoarding. Carbon/nitrogen (C:N) ratio,
in particular, has been implemented as having the greatest effect on lipid
accumulation (Gill et al. 1977, Granger, Perlot, Goma, and Pareilleux, 1993a). A
culture medium with a C:N ratio of 4:1 has been shown by Gill et al. (1977) to
inhibit growth for C. curvatus, while culture medium with a C:N of ~25:1 has
9

been used for nitrogen-limiting conditions and lipid accumulation. As an
exception, C. terricolus apparently is not affected by C:N ratio as it was able to
accumulate 37% (w/w) lipid after only half of the nitrogen had been depleted
(Boulton and Ratledge, 1984).
Gill et al. (1977) showed that when Candida 107 was cultivated under
carbon limited condition (C:N ratio of 4:1) low growth rates (0.06/hr) of the yeast
resulted in decreased lipid content (9.4% of biomass) compared to higher growth
rates (0.21/hr with 14.2% lipid). However, under nitrogen-limiting conditions
growth rates are reduced while fatty acid yields are increased. When compared
to higher growth rates, lower growth rates produced greater biomass yields and
increased consumption of glucose under nitrogen-limiting conditions.
Boulton and Ratledge (1984) demonstrated that the initial lipid content in
the inoculum (organism) can influence the final lipid production. In their
experiment with C. terricolus, a 60% (w/w) lipid content (compared to 37%)
resulted when the inoculum was high. The cell density of the inoculum can affect
the fermentation times as suggested by Ykema et al. (1988). Thus, bigger
inoculum can reduce the fermentation times and higher lipid production can be
achieved.
Meesters et al. compared cultivation modes for the oleaginous yeast C.
curvatus in a study published in 1996. Comparing single-stage continuous, batch,
recycling, partial recycling and fed-batch cultures, the group recommended the
fed-batch method for large-scale applicability and high lipid production rates.
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Both R. glutinis (Gangar, Karande, and Rajasekharan, 2001) and C. curvatus
(Meesters et al., 1996) were found to accumulate more TAG during stationary
growth than during log phase. After 50 hrs of cultivation in a fed-batch system
Meesters et al. (1996) showed that the biomass of the C. curvatus culture was at
118 g/L with 25% lipid (w/w).

Variables Affecting Fatty Acid Content of Oleaginous Yeasts
A. curvatum was grown on glucose and oleic acid as carbon sources with a
C:N ratio of 40:1. Increased C:N ratios increased FA accumulation. Increasing the
C:N caused the ratio of saturated FA to monounsaturated FA to the total FA
increased, while the polyunsaturated FA to total FA decreased. It was proposed
that by adjusting dilution rates, optimal C:N ratios can be achieved in continuous
culture to produce the desired fatty acid fractions (Hassan et al., 1993). In fact in
an earlier study, Gill et al. (1977) showed that in a steady state culture with a
specific growth rate (µ) of 0.15/hr, the fatty acid composition of Candida 107
remained relatively consistent over a period of 21 weeks.
When glycerol served as the carbon source for C. curvatus (Meesters et al.,
1996) fatty acid analysis of samples taken during exponential growth showed
that during lipid accumulation, there was a decrease in C18:2 (linoleic acid) while
C18:1 (oleic acid) and C18:0 (steric acid) increased. Linoleic acid is mostly
associated with cell membranes while oleic and steric acids are associated with
TAG.
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In their study of polyunsaturated fatty acid (PUFA) production in the
zygomycetous yeast M. alpina, Jang, Lin, and Yang (2000) found that C:N ratios
of 14.5 – 18.5 favored eicosapentaenoic acid (EPA) and linoleic acid while C:N
ratio of 19.8 – 21 favored the production of alpha-linoleic acid and total PUFA.
They also observed that the production of PUFA correlated with microbial
growth.
Granger, et al. (1993b) cultivated R. glutinis NRRL Y1091 in batch cultures
to test C:N ratios in the medium by varying initial concentration of N and
keeping C constant. They found that the fraction of carbon shunted to fatty acids
increased exponentially between C:N of 30:1 and 100:1 then only gradually with
C:N 100:1 to 250:1. After total exhaustion of N in the Batch culture medium,
growth rate slowed while FA content increased. After growth ceased, R. glutinis
fatty acid yields were constant at 0.30 g/g.

TAG Biosynthesis
In two different studies by Gangar et al., it was found that TAG
biosynthesis occurs in the cytosol as well as in the membrane of R. glutinis, but
that the cytosolic pathway is responsible for accumulation of lipids in the cells
(Gangar et al., 2001). Point mutations in the cytosolic TAG enzymes of R. glutinis
resulted in decreased TAG accumulation in the cytosol, however, the membrane
lipid fractions were not altered. These results have lead to the hypothesis that
different isoforms of the enzymes in the TAG biosynthetic complex (TBC) are
active at different places within in the cell and that the cytosolic TAG enzymes
12

(rather than the membrane isoforms) are responsible for the accumulation of
lipids in R. glutinis (Gangar, Raychaudhuri, and Rajasekharan, 2002).
Wynn, bin Abdul Hamid, and Ratledge (1999) implicated malic enzyme
(ME) as a requisite of lipid accumulation in yeasts. Acetyl Co-A is essential for
accumulation of fatty acids, however, there must also be NADPH, which is
generated by ME. In a study by Ratledge (2002) ME activity and lipid
accumulation were correlated in two filamentous fungi cultures, M. alpina and
M. circinelloide. Under nitrogen-limiting conditions, all enzymes that were
monitored, except malic enzyme, remained active throughout nitrogen limitation
and well after the lipid accumulation period. Ratledge (2002) observed that when
nitrogen was depleted, ME ceased to be active; and, when ME ceased to be
active, lipid accumulation stopped. ME is implicated in the role of producing the
NADPH required for fatty acid synthase in these yeasts, and thus is a controlling
agent in the accumulation of TAG.

Quantification of Lipids in Oleaginous Yeasts
Rigid yeast cell wall makes extraction of lipids difficult and often
inaccurate according to Andlid, Larson, Liljenberg, Marison, and Gustafsson
(1995). R. glutinis Rh2 and R. glutinis CCUG were used in their experiment
comparing Bligh and Dyer (1959), Hexane/ethanol, and KOH/ethanol extraction
methods. The KOH/ethanol method yielded higher lipid amounts than either of
the alternatives which resulted in only 10% – 15% of the amounts of the KOH
method. Fatty acid profiles were highly variable, depending on the extraction
13

method used. The relative amounts of FAMEs did not change much over time for
the CCUG strain of R. glutinis (46.2% total FA by weight). And, they showed that
calorimetry could be used an indirect measure for lipid content.

14

CHAPTER III
MATERIALS AND METHODS

Microorganism
The lipid accumulating yeast Rhodotorula glutinis (ATCC # 204091) was
used in all experiments of this study. R. glutinis is a microorganism that can be
isolated from soils, lakes, oceans, and dairy products. Colonies form rapidly
when grown on Nutrient Agar (NA, Fisher Scientific) and are large, smooth,
shiny or dull, with coloration that turns from creamy to pink to coral; likewise,
when grown in liquid culture, a pink hue is visible. R. glutinis reproduces via
formation of blastoconidia and may be encapsulated.

Sterilization
All media and glassware used in all experiments was sterilized in a
Steris® (Mentor, Ohio) autoclave for 15 min at 121°C and 15 psi.

Stock Culture Maintenance
R. glutinis was cultured overnight on Yeast Peptone Dextrose media
(Fisher Scientific, hereinafter referred to as YPD) pH 6.5, 30°C. A stock culture
was maintained on YPD agar (YPD with the addition of 19 g/L granulated agar).
Glycerol medium (per 1 L distilled H2O: 0.3 g NH4Cl, 0.4 g KH2PO4, 0.3 g yeast
15

extract, and 10 g glycerol, hereinafter referred to as M1) was used to prepare
subcultures of the yeast. The M1 pH was adjusted to 6.0 using a 10% HCl
solution, 20 mL aliquots of the medium was dispensed into 40 mL glass VOA
vial and the vials were capped loosely with screw caps containing PTFE faced
septa. Sterile M1 was inoculated with the stock culture and incubated at 35°C on
a rotary shaker (112 rpm).

Correlation of Light Absorbance to Dry Cell Weight
A 20 mL aliquot of a one-week-old R. glutinis subculture was used to
inoculate 1 L of M1 contained in a 2000 mL wide-mouthed glass flask with a 200
mL beaker inverted over the mouth to cover the opening while allowing
aeration. The culture was incubated at 35°C on a New Brunswick rotary shaker
(112 rpm) for 7 days. Aliquots of the 1 L culture were transferred into 40 mL
plastic centrifuge tubes and centrifuged at 6000 rpm for 20 min at 22°C. The
entire liter was centrifuged as described above and the cells were harvested by
pelletization. The supernatant from each tube was discarded. The cells were
washed to remove media by adding 30 mL sterile physiological saline (0.85%
NaCl aqueous, wt/vol) to one tube; the tube was capped and vortexed to mix
and the cell suspension was transferred into another centrifuge containing a cell
pellet. The cell pellets were combined until only one centrifuge tube contained
the concentrated culture suspended in physiological saline.
The cells and sterile saline were vortexed to mix and centrifuged as
described previously. After centrifugation, the supernatant was decanted off and
16

the saline washing was repeated for a total of three times. After the third wash of
saline, the supernatant was discarded and the cell pellet was resuspended in 7
mL sterile, physiological saline. Two, 3 mL aliquots were transferred to two
tarred aluminum weigh boats and set in a 60°C oven until a constant weight was
obtained.

The remaining cell concentrate was diluted (1:1, 1:3, 1:7, 0.1:01.9,

0.1:19.9, 0.1:199.9) and each dilution was analyzed for light absorbance at 600 nm
(A600) using a Spectronic Spectrophotometer. Plotting the average dry cell weight
(mg/mL) against the average absorbance reading (n=3 or n=4) for each dilution
resulted in an R2 value of 0.8223 (when the top three points were graphed, the R2
value was 0.9611). Because absorbance readings did not surpass 1.0 in these
experiments, a correlation and linear regression equation (Figure 2) was
generated by using the first three dilutions only and was used in subsequent
experiments to determine dry cell weight from absorbance measurements.

Figure 2. Correlation of R. glutinis Dry Cell Weight to Absorbance at 600 nm.
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Inoculum Preparation
The yeast was grown to a cell density that would allow inoculations to
produce a R. glutinis concentration of 0.5 mg (dry cell weight) per mL. The
microorganism was grown for 5 days on Basal Medium (BM) containing per 1 L
distilled water: 0.4 g KH2PO4, 0.3 g yeast extract, and 8.0 g NH4Cl and the
experimental carbon source (see Table 2).
To prevent carmelization of the sugars, the BM and carbon source(s) were
autoclaved in separate vessels. The BM was prepared by added the nutrients
(based on a 500 mL volume) to 400 mL distilled waster. The pH of the BM was
adjusted to 6.0 using 10% HCl (vol/vol). Before autoclaving, an inverted beaker
was placed cover the opening of each baffled, 2000 mL, narrow-mouthed flask
containing 400 mL BM. This was done to prevent the culture medium from being
contaminated by organisms in the air and to prevent oxygen from becoming
limiting during culture growth (oxygen could enter the culture vessel because
the beaker was not sealed to the glass opening). The amount of sugar needed for
500 mL of medium (~ 40 g) was dissolved in 100 mL distilled water contained in
120 mL Wheaton bottles and sterilized. Before inoculation, 100 mL of sterile,
concentrated sugar mixture was added to the culture flask containing 400 mL of
sterile BM resulting in a C to N ratio of 10 to 1 in all the growth media (BM1,
BM2, BM3, BM4, BM5, or BM6). Three flasks containing 500 mL sterile growth
medium were inoculated with a 20 mL subculture of R. glutinis and incubated in
a New Brunswick Incubator/Shaker (112 rpm) at 35°C. YPD agar plates were
periodically streaked to verify culture purity.
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Table 2. Carbon Sources and Concentrations for Growth Media Formulations
Used in the R. glutinis Inoculum Preparations.
Medium

BM1

BM2

BM3

Carbon
Source

Dextrose

Glycerol Xylose

Dextrose
Glycerol
+ Glycerol + Xylose

Xylose
+ Dextrose

g/L

80

81.7

40+ 40.85

40 + 40

80

BM4

BM5

40.85 + 40

BM6

After 6 days of growth, the cells were concentrated by centrifuging 30 mL
aliquots of the culture for 20 min at 6000 rpm and 22°C and decanting the
medium until all of the culture suspension (1500 mL) was condensed down to
one cell pellet. Then, 30 mL of sterile physiological saline (0.85% NaCl) was
added to the pellet, the pellet was resuspended by vortexing, and subsequently
centrifuged (using the conditions described above). This saline washing was
repeated for a total of 2 times to remove the residual growth medium. A sterile,
dry centrifuge tube was then weighed, the cell pellet (resuspended once again in
physiological saline) was added to the tube and centrifuged accordingly. After
centrifuging, the saline was poured off and the tube containing the cell pellet was
weighed. The approximate weight of the pellet was used to determine how much
saline would need to be added to the cell pellet so that 5 mL of the resuspended
cells would give an approximate concentration of 0.5 mg per mL when
inoculated into the culture medium.
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Media Formulations, Media Inoculations, and Zero Time Light Absorbance
The media used in the experiments consisted of an amended BM (BMA,
per liter: 2.0 g NH4Cl instead of 8.0 g NH4Cl) and the specified carbon source (see
Table 3). The pH was adjusted to 6.0 with 10% HCl (vol/vol). Before autoclaving,
190 mL of the BMA was dispensed into 250 mL culture flasks and 100 mL
beakers were inverted over the mouths of the flasks. Concentrated sugar
solutions (4 g/10 mL d-H2O) were autoclaved in 40 mL vials. The sterilized, 10
mL concentrated sugar solutions were added to the sterilized BMA prior to
inoculation. As with growth media, the initial C to N ratio was 10 to 1.
Table 3. Concentrations of Carbon Sources Used in Media Formulations for
Experiments.
Medium

DM

GM

XM

Carbon
Source

Dextrose

Glycerol Xylose

Dextrose
Glycerol
+ Glycerol + Xylose

Xylose
+ Dextrose

g/L

20

21.5

10+ 10.25

10 + 10

20

DGM

GXM

10.25 + 10

XDM

The medium was inoculated with 5 mL of the prepared cells and mixed
thoroughly by manual swirling of the flask. A 2 mL sample was removed from
each experimental replicate (n=4) and the absorbance of light at 600 nm
wavelength was measured for each sample via Spectronic Spectrophotometerp.
The desired A600 for each replicate was ~0.500 which gives a concentration of 0.5
mg dry cell wt/mL.
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Measurement of Culture Growth Via Spectrophotometry
Cultures were manually swirled to mix before 2 mL samples were taken
via sterile, plastic pipettes. The samples were deposited into plastic cuvettes and
the

A600

for

each

test

culture

was

measured

using

a

Spectronic

Spectrophotometer. The absorbance of light was measured every 24 hrs and
growth curves were mapped for each culture by plotting A600 (or dry cell weight)
versus time on a line graph.

Culture Sampling
Using sterile, plastic pipettes, 30 mL samples were removed from the test
cultures every 24 hrs and deposited into clean, chloroform rinsed, 125 mL, glass
Wheaton bottles. The samples were stored in the refrigerator at 4 °C.
The 30 mL samples were transferred into clean, 40 mL plastic centrifuge
tubes, the tubes were capped, and the samples centrifuged at 22°C and 6000 rpm
for 20 min. For each sample, 10 mL of the supernatant was removed via pipette,
the remaining supernatant was discarded, and the 10 mL of removed
supernatant was returned to the centrifuge tube. The tubes containing the cells
and 10 mL of supernatant were vortexed to mix, and the samples were poured
back into the corresponding, original, glass, Wheaton bottles where subsequent
lipid extractions occurred.
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Lipid Extraction
The lipid extractions used in these experiments follow the methods of
Bligh and Dyer (1959) where the initial lipid extractions recovered about 94% of
the total extracted lipids. A second chloroform extraction produced about 6% of
the total extracted lipid in their study. Because the goal of the extraction process
is to remove and recover all of the lipids, three sequential lipid extractions were
performed for each sample in these experiments.
The first part of the extraction process was carried out in 125 mL glass
Wheaton bottles containing 10 mL samples (< 1.4 mg/mL of cells). To the
sample, 25 mL methanol and 12.5 mL chloroform were added and the sample
was vigorously shaken by hand for 5 min. An additional 12.5 mL chloroform was
added to the sample and it was hand shaken for 2 min. Saturated NaCl solution
(12.5 mL) was added to the sample and it was again hand shaken for 2 min
resulting in a biphasic solution.
The samples were transferred to clean, chloroform rinsed 200 mL glass
centrifuge bottles. The original sample bottles were rinsed twice with chloroform
adding each rinse to the corresponding sample. (All subsequent extractions of
the samples were carried out in the centrifuge bottles).
To ease the collecting of lipids contained in the organic phase of the
mixture, the samples were centrifuged at 3500 rpm for 10 min at room
temperature. This resulted in a distinct separation of the aqueous top phase,
which contained the methanol, NaCl, and the water soluble sample components,
from the bottom phase containing chloroform and lipids. The bottom layer was
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removed via Pasteur pipette and transferred into clean, solvent-rinsed, 100 mL,
pre-weighed beakers. Since lipid mass was determined gravimetrically, the
samples had to be “dried” (all water removed). To accomplish this, each organic
layer was passed through a glass wool-plugged, large volume Pasteur pipette as
part of the transfer to the beakers. (These pipettes had been rinsed beforehand
with methylene chloride, then chloroform, and placed in each beaker). At a drip
rate of 2 drops per sec, any water inadvertently pulled into the transferring
pipette adhered to the glass wool and did not transfer into the beakers.
The Bligh and Dyer extraction of the samples was immediately followed
by two chloroform extractions. To the aqueous sample, 12.5 mL chloroform was
added and the samples were shaken for 2 min. The samples were centrifuged
and the organic layer collected as described above in the Bligh and Dyer
extraction. Overall, the lipids were extracted from each sample a total of three
times once with the Bligh and Dyer method, and twice by chloroform extraction.
All glassware (i.e. Pasteur pipettes, glass wool-plugged pipettes) used in the
transferring and collection of the chloroform/lipid samples was rinsed three
times with chloroform and each rinse was collected in the corresponding sample
beaker.

Gravimetric Lipid Determination
As mentioned above, pre-weighed beakers were used to collect the
chloroform/lipid layers from each extraction. These beakers were covered
loosely with aluminum foil and set to dry in a ventilated hood. After the
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chloroform had evaporated completely, the beakers were weighed again to
obtain the beaker + dry lipid weight. The dried lipid samples were then
transferred from the beakers to chloroform-rinsed glass test tubes (20 mm x 150
mm) by rinsing the beakers 3 times with chloroform. The test tubes were capped
tightly and set aside. (All glassware involved in the transferring of the lipid
samples was rinsed thrice with chloroform and the runoff was ultimately
collected in the test tubes along with the samples). The beakers were once again
covered with aluminum foil and set in a ventilated hood to dry, after which they
were weighed one last time to account for any insoluble material which would
have added to the beaker + lipid weight.

Lipid Transesterification
The test tubes containing the extracted lipids and chloroform were dried
under nitrogen. Once dry, 4 mL toluene and 8 mL of a 1% H2SO4 solution in
methanol (v/v) were added to each test tube. The tubes were capped tightly,
shaken briefly, and placed upright in a heating block at 50°C. After
approximately 24 hrs, the test tubes were removed from the heating block and
stored at room temperature.

Fatty Acid Extraction
Twenty mL of 5% (w/v) aqueous sodium chloride solution was added to
each test tube containing the transesterified lipids (glycerol and fatty acid methyl

24

esters, (FAMEs)). The tubes were shaken and the contents transferred into larger
(25 mm x 150 mm), hexane-rinsed test tubes.
Hexane (20 mL) was added to the tubes containing the FAMEs. The
twenty mL of hexane was added in three equal portions to the original, 20 mm x
150 mm, test tube in which the transesterification took place. The tube was
capped, shaken briefly by hand and the hexane was then poured into the larger
test tube containing the sample. After all 20 mL was dispensed in this manner,
the tubes were shaken for 2 min by hand and the hexane layer (top layer), was
transferred by Pasteur pipette to a hexane rinsed separatory funnel. The hexane
extraction and collection was repeated following the procedure outlined above
After the second collection, the FAMEs/hexane mixture was washed with
16 mL potassium bicarbonate (2% aqueous, wt/vol). The bottom, aqueous layer
was drained from the separatory funnel by opening the stopcock; the aqueous
portion was discarded. The remaining hexane containing the FAMEs was dried
via glass wool containing pipette and collected in a tarred beaker. All glassware
involved in the collection of the FAME samples was rinsed 3 times with hexane
and ultimately collected in the tared beaker along with the samples.

Gravimetric FAMEs
The gravimetric analysis for the FAMEs was derived in the same manner
as the lipid gravimetric determinations (see Gravimetric Lipid Determinations).
The transfer of the sample, however, was as follows. After the dry FAMEs +
beaker weight was recorded, the dried FAMEs were transferred from the beakers
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to 1.5 mL amber GC vials via hexane washing and pipette transferring. The
uncapped vials were placed in a fume hood, covered lightly with aluminum foil;
and, the samples set until the hexane evaporated. If necessary, a stream of
nitrogen was used to dry the sample completely. Then, 1 mL of hexane
containing 1 mg/mL 1,3-dichlorobenzene as an internal standard was added to
each vial via class A 1 mL pipette and the vial was capped.

Gas Chromatography/ Flame Ionization Detection of FAMEs
The FAMEs were analyzed using an Agilent 6890 series Gas
Chromatograph equipped with a Supelco SP 2380 (100m x 0.25mm x 0.2 micron,
model number Supelco 24317) capillary column and a flame ionization detector
(FID). The inlet temperature was set at 260°C with a pressure of 40 psi in split
mode (100:1). Helium served as the carrier gas with a flow of 126 mL/min (total
flow, 130.3 mL/min). The oven temperature program ramped from 110°C (held
the initial temperature for 4 min) to 140°C at 10°C per min, from 140°C to 220°C
at 2°C per min, and finally from 220°C to 240°C at 2°C per min. The temperature
was held at 240°C for 40 min. The detector temperature was maintained at 260°C
with a hydrogen flow of 40 mL/min and air flow of 450 mL/min with constant
makeup flow at 45 mL/min. A 10 µL Hamiltion glass syringe was used to inject a
1 µL sample of hexane containing the unknown FAMEs and 1 mg/mL 1,3dichlorobenzene as the internal standard.
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CHAPTER IV
RESULTS AND DISCUSSION

Population Dynamics of R. glutinis Cultures
Yeast populations, like all populations, exhibit a growth curve consisting
of an initial lag phase, where the cells are acclimating to the environment,
manufacturing enzymes and other cell components in preparation for
proliferation; followed by the logarithmic phase, where the cells are multiplying
exponentially; next, stationary phase is achieved where the cells are multiplying
and dying at the same rate; and finally, when nutrients are being depleted and
accumulating byproducts creating a sometimes toxic environment, the cell
population declines in the exponential death phase. As a result of the 24 hr lapse
of time between absorbance readings, generated growth curves are only
approximations, that is to say that distinct points of change in the growth such as
the beginning of log phase are not determined. Based on optical density data, it
appears that at 48 hrs all cultures, except the xylose and glycerol grown culture,
were in log phase. In these experiments, the lag phase period for all cultures
containing a mixture of carbon sources was shorter than cultures containing only
one sugar as a carbon source.
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The Effect of Glycerol as a Secondary Substrate on the Growth of R. glutinis.
When glycerol was provided as a carbon source along with dextrose, R.
glutinis accumulated more cell mass after 48 hrs (61% cell mass increase) than
when either carbon source was provided singly (see Figure 3). Compared to
dextrose, glycerol is less favorable as an energy source. The growth rate
(calculated from the 24 hr and 48 hr data for all cultures) of the dextrose-grown
cultures was double that of the glycerol cultures (0.0068 mg/mL/hr versus
0.0031 mg/mL/hr). Additionally, R. glutinis cell density increased 30% when
given dextrose and 21% when glycerol served as the sole carbon source.
However, it is pertinent to note that the oleaginous yeast Cryptococcus curvatus
has been found by Meesters et al. (1996) to produce more dry cell weight (g/L) in
fed-batch cultures using glycerol than others have produced in continuous
culture using dextrose as the sole carbon source (Evans and Ratledge, 1983;
Hassan et al.,1993; Gangar et al., 2002).
Figure 4 shows that the growth of R. glutinis, when using both xylose and
glycerol as carbon sources, resulted in 16% cell density increase (growth rate =
0.0075 mg/mL/hr) which was a lower percentage increase than when the carbon
sources were used alone. The glycerol-grown and xylose-grown yeast cultures
both increased 21% in cell mass after 48 hrs of incubation (at rates of 0.0031
mg/mL/hr and 0.0041 mg/mL/hr, respectively) while the dextrose-grown
cultures increased 30%.
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Figure 3. The Effect of Providing Dextrose and Glycerol as a Mixed Carbon
Source on the Growth of Rhodotorula glutinis When Grown at 35°C for
48 hrs with Agitation (112 rpm).

Figure 4. The Effect of Xylose and Glycerol Carbon Mixing on the Growth of
Rhodotorula glutinis Grown at 35°C with Agitation (112 rpm).
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The results in this experiment indicate that the difference in biomass
production of R. glutinis grown on dextrose compared to glycerol is not enough
to warrant dismissal of the possible economical implications of using glycerol as
a carbon source for the growth of oleaginous yeast. While the greatest cell mass
increase of 77% was achieved with the dextrose and xylose-grown culture
(growth rate= 0.0095 mg/mL/hr) this was followed by a 61% increase in cultures
when given both glycerol and dextrose (growth rate= 0.0065 mg/mL/hr). Albeit
the dextrose and xylose-grown culture grew more efficiently, the cost of xylose
($1.188/g) compared to glycerol ($0.0484/g) (Sigma-Aldrich Catalog, 2006-2007)
should be analyzed if supplementing dextrose culture medium with extra carbon
is to be considered. In the future, the potential output of glycerol is expected to
increase as biodiesel plants become mainstream, and the supply will greatly
surpass the demand. As biodiesel production has increased already since 1995,
the price of refined glycerol as been driven down significantly (Virent, n.d.).
Glycerol certainly should be considered a more favorable carbon source
than xylose and perhaps even more favorable than dextrose when the cell
density accumulation and cost efficiency are considered collectively.

Lipid Extraction Method and the Effect of Incubation Time on Lipid Content of
R. glutinis
At 24 hrs, the cell mass of the samples were on average 19.23 mg (n=27,
avg. SD=0.0404). The cells were suspended in a 10 mL volume of medium before
the lipid extractions were conducted. The solvent ratios used in the extractions
30

were based on the Bligh and Dyer (1959) lipid extraction method, which was
recommended for samples containing 80% water (by weight). In these
experiments, the entire sample (cells and medium) was closer to 100% water.
Future research should be conducted to determine ideal solvent proportions and
extraction protocols specific to the goals of this type of investigation.

The Effect of Glycerol on the Lipid Accumulation of R. glutinis
Although iron, zinc, phosphorus, nitrogen, and concomitant limitations of
nitrogen and phosphorus or magnesium have resulted in lipid accumulation
(Gill et al., 1977; Granger et al., 1993b; Ykema et al., 1988), nitrogen limitation has
been used more extensively to create an environment conducive to lipid
hoarding. Carbon has been determined to be limiting at C:N of 4:1 and surfeit for
oleaginous yeast Cryptococcus curvatus at C:N of 25:1 (Gill et al., 1977). A C:N
ratio of 10:1 was provided in the test media used in these R. glutinis batch culture
experiments, therefore, rather than optimizing lipid production, the goal was to
observe the basic lipid producing capability of the yeast when given different
carbon sources.
The lipid contents (as % dry cell weight) of the R. glutinis cultures are
shown in Figure 5. After 48 hrs of incubation, the cultures containing only one
carbon source and the culture containing both dextrose and xylose increased in
lipid content while those containing media with carbon mixtures with glycerol
decreased in lipid content. When comparing the 24 hr and 48 hr data for all
experiments, lipid content of the glycerol grown R. glutinis increased on average
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12.97% while dextrose-grown and xylose-grown R. glutinis increased 8.56% and
9.08% respectively. The dextrose and xylose-grown culture increased 1.11% from
24 hrs to 48 hrs. While the data suggest that using glycerol as a sole carbon
source may result in greater lipid production by the oleaginous yeast R. glutinis
the standard error shows there is not sufficient evidence to determine whether
using glycerol in conjunction with a dextrose or xylose will cause the oleaginous
yeast R. glutinis to produce more lipid than when the carbon sources are used
individually. It can be submitted, however, that there is a trend which shows that
glycerol-grown R. glutinis accumulates more lipid under these experimental
conditions than dextrose-grown and xylose-grown cultures.

Figure 5. The Effect of Glycerol and Culture Duration on the Total Lipid
Production of Rhodotorula glutinis When Grown at 35°C with
Agitation (112 rpm).
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FAME Gravimetric Weights
The gravimetric FAMEs determined in these experiments (see Table 4)
take into account all chloroform/methanol extractable (from the lipid
extractions) and hexane miscible (from the fatty acid extractions) materials. Not
all materials are saponifiable, that is to say, not all lipids when mixed with
methanol and a catalyst (in a transesterification reaction) will result in fatty acid
alkyl esters. In these experiments, the gravimetric weights of fatty acid methyl
esters produced via transesterification may also include some non-saponifiable
lipids and ranged from 8.9% to 26.5% of the dry cell weight.

Table 4. Gravimetric Weights of Saponifiable and Non-Saponifiable Lipids from
24 hr and 48 hr Rhodotorula glutinis Cultures Grown on Different Carbon
Sources at 35°C with Agitation (112 rpm).
Carbon Source

Average FAMEs
( % cell wt)

Dextrose

24 hr
19.97 +/-3.92

48 hr
18.88 +/-1.01

Glycerol

17.3 +/-1.23

12.00 +/-4.40

Xylose

16.26 +/-3.44

17.00 +/-1.16

Dextrose + Glycerol

5.56* +/-0.25

26.51 +/-4.15

Glycerol + Xylose

4.41* +/-2.63

8.99 +/-0.01

Xylose + Dextrose
ND**
*Error in weighing procedure.
** No Data
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ND**

The Effect of Different Growth Substrates Used on the FAME Saturation of R.
glutinis
Figures 6 and 7 show the results of the fatty acid saturation content of R.
glutinis grown on each of the six carbon source(s) tested. After 24 hrs of
incubation, at least 50% of the total FAMEs present in each culture were
saturated in nature except in the case of the glycerol and dextrose-grown R.
glutinis which had a content of 48% (SD=0.82) saturated FAMEs. The xylosegrown and the glycerol-grown R. glutinis contained the greatest fraction of
saturated FAMEs at 69% (SD=1.88) and 68% (SD=9.00), respectively.
At 24 hrs (Figure 6) when glycerol was present as a secondary carbon
source, although there is no significant difference, a trend appears to show an
increase in polyunsaturated fatty acids for the xylose and glycerol-grown R.
glutinis, and an increase in monounsaturated fatty acids in the medium
containing both dextrose and glycerol. There was a decrease in saturation of fatty
acids when glycerol was used with either dextrose or xylose.
At 48 hrs (Figure 7) the xylose-grown and the dextrose and xylose-grown
cultures contained the greatest percentage saturated FAMEs at 76% (SD=7.97)
and 71% (SD=5.96), respectively, with the dextrose-grown R. glutinis following at
70% (SD=5.58). The glycerol-grown R. glutinis and the glycerol and dextrosegrown R. glutnis contained 46% (SD=4.26) and 46% (SD=3.15) saturated fatty
acids, respectively. The degree of fatty acid saturation still appears to decrease
when comparing single carbon sources to mixed sugar sources, except in the case
of the dextrose and xylose-grown R. glutinis.
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Figure 6. The Effect of Carbon Source on the Saturation of Fatty Acid Methyl
Esters Produced by Rhodotorula glutinis after 24 hrs of
Agitated (112 rpm) Incubation at 35°C.
The Effect of Time on Fatty Acid Saturation
When comparing the 24 hr profiles to the 48 hr compositions (Figures 8),
the saturated fatty acids derived from glycerol grown R. glutinis decreased from
68% (SD=9.0) to 46% (SD=4.26). The saturation of the FAMEs from the dextrose
and xylose-grown yeast increased 62% (SD=7.9) to 71% (SD=5.96) and xylosegrown cultures increased in saturation 69% (SD=1.88) to 76% (SD=7.97). The
FAME saturation of the dextrose-grown, glycerol and dextrose-grown, and
xylose and glycerol-grown R. glutinis cultures did not change significantly over
time.
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Figure 7. The Effect of Carbon Source on the Saturation of Fatty Acid Methyl
Esters Produced by Rhodotorula glutinis after 48 hrs of
Agitated (112 rpm) Incubation at 35°C.
When glycerol was used along with dextrose as carbon substrates, the
saturation of the FAMEs derived from R. glutinis was less than when dextrose
was used alone, but was comparable to the saturation levels of glycerol-grown R.
glutinis. The xylose-grown yeast produced the most saturated FAMEs and the
effect of adding glycerol as a secondary carbon substrate in the media was that
the saturation decreased.
These results indicate that mixing glycerol with either of the other two
carbon sources serves to decrease the saturation of FAMEs produced by R.
glutinis and that with time the saturation of the glycerol-grown cultures
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decreases. The different gene expressions occurring as a result of carbon source
serve to alter the saturation of the fatty acids and would impact the
characteristics of biodiesel, i.e. cold flow, and would allow for manipulation of
the cold flow properties via given carbon source(s).

Figure 8. The Effect of Time on the Saturation of Fatty Acid Methyl Esters
Produced by Rhodotorula glutinis When Grown on Different Carbon
Sources at 35°C with Agitation (112 rpm).
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The Effect of Glycerol on the FAME Profile of R. glutinis
Five fatty acids commonly reported in the literature for different oils are
the saturated fatty acids, palmitic acid (C16:0) and stearic acid (C18:0); the
monounsaturated fatty acid, oleic acid (C18:1); and the polyunsaturated fatty
acids linoleic acid (C18:2) and linolenic acid (C18:3) (Thompson and He, 2006;
Meesters et al., 1996; Papanikolaou, Chevalot, Komaitis, Marc, and Aggelis, 2002).
The fatty acids produced by R. glutinis in the above experiments were
predominantly palmitic acid and stearic acid (Table 5). Compared to soybean oil
and rapeseed oil, which are used in the U.S. and the E.U., respectively, as
feedstocks for biodiesel production, the FAMEs derived from R. glutinis were
more saturated. Soybean oil contains mostly C18:2 (53.7%) and C18:1 (23.3%)
(O’Brien, 1998) while rapeseed oil consists of mainly the same fatty acids at
23.3% and 64.4%, respectively (Goering, Schwab, Daugherty, Pryde, and Heakin,
1982). A comparison of predominant fatty acids found in the mixed carbon R.
glutinis cultures from this study and the mainstream feedstocks for biodeisel
production are found in Table 5.
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Table 5. A Comparison of Fatty Acid Methyl Ester Profiles of Common Biodiesel
Feedstocks and Rhodotorula glutinis Cultures Grown on Mixed Carbon
Sources (35°C for 48 hrs and Agitation at 112 rpm).
Fatty
Acid
Palmitic
C16:0

Soybean** Rapeseed* Yellow
Grease**
11.75
3.49
3.2

Dextrose+ Xylose + Glycerol+
Xylose
Glycerol Dextrose
18.01
11.09
18.81

Stearic
C18:0

3.15

24.3

49.54

39.65

19.8

Oleic
C18:1

23.26

64.4

18.6

8.17

3.07

28.45

Linoleic
C18:2

55.53

22.3

42.6

2.63

4.35

7.88

0.85

Linolenic 6.31
6.31
0.7
1.6
3.79
0.72
C18:3
* Goering, C., Schwab, A., Daugherty, M., Pryde, E., and Heakin, A., 1982
**O’Brien, 1998
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The lipid accumulating properties of R. glutinis has been explored
extensively (Gangar et al., 2002; Granger et al., 1993b; Davoli et al., 2004; Yoon and
Rhee, 1983) especially for the use in the nutritional supplements arena as a
source of fatty acids. The use of glycerol as a carbon substrate, due to its
prospective surplus and decreased value, has been appraised (Papanikolaou et
al., 2002; Noureddini, Dailey, and Hunt, 1998; Thompson et al., 2006). The
implications of recycling glycerol for use as a substrate on which to grow
oleaginous yeasts for the production of lipids should be investigated more
thoroughly, for its potential is outstanding. While over 70% of biodiesel
production costs are due to the expense of feedstocks such as soybean and
rapeseed oil (Haas et al., 2006), using a renewable lipid source such as oleaginous
yeast could also help to cut the costs of production.
The research presented here comparing the lipid accumulating capabilities
of Rhodotorula glutinis when grown on substrates such as dextrose, xylose,
glycerol and mixtures of sugars has not been previously considered. Our
findings validate that glycerol is a viable carbon source for the production of
lipid by the oleaginous yeast R. glutinis.
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When glycerol was used as a substrate for the production of fatty acids by
the oleaginous yeast, predominantly saturated fatty acids were produced. When
glycerol was a secondary carbon substrate, the saturation fraction was less than
when dextrose or xylose was used alone. Because saturated FAMEs lend
valuable properties to biodiesel it is concluded that R. glutinis grown on glycerol
as a sole carbon source, or as a secondary carbon source could be a viable source
of fatty acids for the production of biodiesel.
If further investigations are to be conducted into the characteristics of the
biodiesel produced from the FAMEs of R. glutinis the author would like to make
the following suggestions:
1.

Optimize yeast media for increased oil production by adjusting the C:N
ratio and pH.

2.

Optimize incubation temperature for increased growth and lipid
production.

3.

Implement an experimental design that minimizes sample transferring
during lipid and fatty acid extractions.

4.

Simplify extraction protocols.

5.

Establish carbon balances (g substrate used/ g lipid produced).

6.

Recycle the solvents used in the extractions and transesterifications.
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Figure 9. The Effect of Mixing Dextrose and Xylose Carbon Sources on the
Growth of Rhodotorula glutinis Grown at 35°C with Agitation (112 rpm).
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Table 6. A Comparison of the Total Percent of Selected Fatty Acid Methyl Esters Produced by Rhodotorula glutinis When
Grown on Different Carbon Sources.
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